INTRODUCTION
Efficiency measured under an AM0 spectrum is lower than under the AM1 or AM1.5 spectra because most of the additional light energy in the AM0 spectrum is in the infrared and ultraviolet regions of the spectrum, where the spectral responce is very low.
A correction factor may be used to estimate an AM0 efficiency from a measured AM1.5 efficiency.
The exact correction factor will depend on the spectral response of the cell. Typically, a reduction in the AM1.5 efficiency of 15 to 20 percent is used for cells with bandgaps in the range of 1 to 1.5 eV. A multiplicative factor of 0.8 has been reported to correct an a-Si alloy cell from an AM 1.5 to an AM0 efficiency [3] .
Thin-film photovoltaic materials developed for terrestrial use which may be adapted to space power arrays include CulnSe 2 and a-Si alloys [1] . These applications include solar electric propulsion, a manned Mars mission, and lunar exploration and manufacturing.
While the efficiencies are low compared to space cells based upon crystalline materials, the projected specific power levels are still extremely good. Additionally, the development of multi-bandgap thln-film tandem structures has shown that efficiencies can be improved significantly.
While thin-film technologies have not yet developed a record of performance in space, there is a large manufacturing base which has been developed for terrestrial applications: tens of megawatts per year for a-Si alloys, a rapidly increasing capability for CulnSe2, and a moderately small capability of perhaps tens of kilowatts per year for CdTe. By contrast, U.S. space solar cell requirements have been nearly constant at 100-120 kW per year for nearly a decade.
Overall, for space power applications, thin-film solar cells have potential advantages of: -high specific power -large area solar cells with integral series interconnections -flexible blankets -large body of array manufacturing experience -potential low cost -potential high radiation tolerance with the corresponding potential disadvantages of:
-lower efficiency -lack of spacecraft experience -lack of current production with space qualified encapsulants and lightweight superstrates and/or substrates. cm -2 produced degradation in the cell spectral response primarily in the blue region of the spectrum. The electron irradiation did not degrade the Aklar covers but the bonding adhesive apparently degraded and absorbed light primarily in the blue region of the spectrum; the adhesive degradation accounted for most ff not all the cell degradation. response of the short-circuit current peaked at about 600 nm; following irradiation it was attenuated by about a factor of ten at 400 nm and decreased monotonically as the wavelength increased. The irradiation also increased the sub-gap optical absorption and decreased the minority carrier diffusion length from about 0.18 to 0.02 microns.
TYPES OF THIN-FILM SOIAR CEILS

CdS/ Cu2 S Thin-Film
a--Si Alloy Cells
Annealing studies showed partial recovery of the normalized short-circuit current, but the results were complicated by the deterioration of the metal contacts during the anneals. Following irradiation of the cells, measurements of the normalized short-circuit current showed a few percent increase over a time interval of about five minutes.
The effect was interpreted as evidence of room temperature annealing.
The authors developed a model to explain the sublinear decrease in the normalized short-circuit current with increasing fluence. They assumed the normalized short-circuit current was inversely proportional to the radiation induced defect density; the radiation induced defect density was related to the proton fluence raised to some power; the model produced a reasonable fit to the data. In considering the defect generation mechanism, the authors' analysis of the transport properties result in an estimate of an average of 0.03 defects produced per proton per micron; 0.019 defects per proton per micron are estimated from an analysis using the cross section for nuclear displacements by the protons and the number of knock--ons producing displacements. The irradiations were through the 60 nanometer thick ITO films. Fig. 8 shows the variation of the relative conversion efficiency with 1.00 MeV proton fluence. Figure 9 shows the open-circuit voltage, short-circuit current, fill-factor and conversion efficiency at 1014 cm -2. conversion efflciencies of the thirty tandem cells were between 9.37 and 11.48%; the mean was 10.44%. The details of the temperature dependence of annealing differed for the various ions, and the bombarding hydrogen and oxygen appeared to play a role in defect passivation.
Proton and oxygen bombarded films annealed easier than inert ion-bombarded films, suggesting that the implanted hydrogen and oxygen chemically passivated defects. The authors interpreted the ion bombardment-induced reduction in photoluminescence as due to the introduction of electronic energy states in the sub-bandgap region; it was suggested that the sub-bandgap states acted as centers for both radiative and non-radiative recombination.
The suggestion of bombardment induced centers for non-radiative recombination was based on work which was subsequently published [42] and showed that ion bombardment resulted in an increase in spin densities and a decrease in the luminescence intensity. They also suggested that bombardment introduced a broad distribution of electron traps about 0.15 eV below the conduction band edge and a broad distribution of hole traps about 0.35 eV above the valence band edge; the postulated trap densities made it possible to explain the luminescence spectra of bombarded and annealed films.
Voget-Grote,
Stuke and Wagner reported on ion bombardment of glow discharge deposited a-Si:H thin films [42]. a-Si:H films were bombarded with 100 keV helium ions to introduce defects to determine the effect of the defects on electron spin resonance signals (ESR). The fluence was not reported, however, the fact that the spin densities were in the range of 1019 The ratio of the nuclear stopping powers at 200 key and 1 MeV is 4.5, while the ratio of the electronic stopping powers is 2.7. The stopping power calculations, and the fact that the 200 keV protons degrade the cell efficiency five times more than the 1-MeV protons, suggest that nuclear knock-on collisions are important in generating the defects. The role of the defects produced by the displacement of the primary knock-on can be considered by calculating the total cross sections for primary knock-on collisions.
The total cross sections are calculated for the collision of protons with hydrogen, Si and Ge using a simplified Rutherford model assuming 3.5 eV for the hydrogen displacement energy, and 13 eV for Si and Ge. As Table 2 shows, the total displacement cross sections are about five times larger at 200 keV than 1 MeV. The H-_Si total cross section is about two times greater than the H_H cross section. Since the relative hydrogen atomic density is about 10% for the a-Si:H alloy cells, it was suggested that the relative number of Si and Ge primary knock-ons is at least twenty times greater than the number of hydrogen primary knock-ons [47] . The total number of atomic displacements per proton includes the primary knock-on displacements and the displacements produced by the recoiling primary knock-ons. The number of secondary displacements can be calculated using the Kichin and Pease model [49] . The results of the calculations are shown in From this annealing work it was apparent that there are at least two types of defects; one type annealed significantly at room temperature and the another annealed only after one-hour anneal at 200°C. Above 550 nm, increasing the wavelength results in a decrease in the collection efficiency. This decrease is due to the increase in the absorption length with increasing wavelength. As the absorption length increases and becomes larger than the thickness of the intrinsic layer, the number of electron-hole pairs injected in the cell decreases.
The decrease in injected carrier density results in the collection of fewer carriers, and a decrease in the spectral response of the ceil. For wavelengths greater than 700 nm, the absorption length is greater than 500 nm and only an insignificant fraction of the light injects carriers in the solar cell. The room temperature hole drift mobility in a-Si:H is about 100 to 1000 times smaller than the electron drift mobility [54] . The collection efficiency for holes injected near the front of the cell can be increased by collecting the holes at the front contact of the cell. This may be accomplished using a structure with a front contact/p+in+/back contact structure resulting in the electric field directed from the back contact to the front contact; the field direction for this structure is opposite to the field direction for the structure shown in Fig. 3 . Amorphous Si alloy based solar cells are currently fabricated with a front contact/n+ip+/back contact structure in order to take advantage of the larger electron drift mobility.
The defect generation mechanisms for the stopping of electrons in a-Si:H involve atomic displacements and electronic excitation.
The role of atomic displacements in the electron irradiation work [17, 18, 30] in high quality device a-Si:H caused by the electronic excitation should be limited to bond reordering and breaking of the Si-Si and Si-H bonds. It is expected that the excitation of the Si-Si bonds may lead to defects produced by bond reordering and breaking. The possible effects of the deposition of electronic energy in the Si-H bonds also includes the production of defects by bond ordering and breaking.
The difference between Si-Si and Si-H bond excitation is the atomic hydrogen may diffuse away from the excited zone, leaving the silicon atom to react with its neighbors in much the same manner as the excited Si-Si bonds; the hydrogen may react with other defects, bond with another hydrogen atom, or remain as an interstitial in the amorphous network.
Most of the energy deposited in electronic excitation will be converted to phonons as the excited bonds return to the ground states and recombination of charge carriers occurs. 
